To identify network bottlenecks of urban expressway effectively is a foundational work for improving network traffic condition and preventing traffic congestion. This study proposes a methodology to estimate the impact of traffic incident on urban expressway on the basis of modified cell transmission model. The metastable state was taken into account in the proposed method to reflect the actual operating state of traffic flow on urban expressway as much as possible. Regarding the location of traffic incident, the method of cell restructuring settings was discussed. We then proceed to introduce a new concept of the effected length in a given time period as the evaluation indicator to directly depict the influence of traffic incident. The proposed method was tested on a 6516-meter urban expressway section of west second ring road in Beijing. The simulation results indicated that the proposed methodology performs well to predict the impact of traffic incident on urban expressway.
Introduction
Traffic incident has become one of the main causes of urban expressway congestion. Travel time delays occur due to lane blockages following incident and the corresponding expressway capacity reduction. From this perspective, identifying the influence scope of traffic incident on urban expressway would be of great interest in traffic and vehicle management strategies in real time. It is thus necessary to develop a proper methodology which is able to estimate the impact of traffic incident on urban expressway.
A number of existing studies have attempted to identify the impact of traffic incident on traffic network. Wright and Roberg [1] established a simple model for jam growth arising from a single bottleneck of an idealized grid network. Skabardonis et al. [2] utilized the loop detectors data to calculate the average and the probability distribution of delays. Kwon and Varaiya [3] presented a method, which can measure the delay that collisions cause, the potential reduction in delay at bottlenecks that ideal ramp metering can achieve, and the remaining delay in any freeway section. Long et al. [4] developed a congestion propagation model of urban network traffic based on the cell transmission model. Smid [5] proposed a methodology operationalized in a model, which is able to predict congestion on motorways without knowledge of the actual traffic conditions. In existing literatures, some traffic flow models were adopted to study the traffic flow variation in time and space, such as traffic wave model, probabilistic model, car-following model, and cell transmission model (CET). Compared with other models, CET put forward by Daganzo [6, 7] is found to be an effective tool in dynamic simulation of traffic flow because of availability in different traffic flow conditions and higher computational efficiency. Muñoz et al. [8] presented a semiautomated method for calibrating the parameters of a modified version of CET and applied to loop detector data to determine freeflow speeds, congestion-wave speeds, and jam densities for specified subsections of a freeway segment. Szeto et al. [9] developed a short-term space-time traffic flow forecasting strategy integrating the empirical-based seasonal autoregressive integrated moving average (SARIMA) time-series forecasting technique with the CET. Long et al. [10] used the CET and apply it to simulate the formation and dissipation of traffic jams at the microscopic level. Sumalee et al. [11] 2 Discrete Dynamics in Nature and Society modeled traffic flow density on freeway segments with stochastic demand and supply on the basis of CTM. Generally, the research object of existing studies, which studied the effect of traffic incident, is freeway. And the underlying assumption of these existing models is the relationship between traffic flow and density which is triangular fundamental diagram. This is somewhat unavailable to describe the traffic flow characteristic of urban expressway because the metastable state is one typical flow characteristic of urban expressway in China [12, 13] . Therefore, model modification taking into account metastable state is necessary to analysis of the effect of traffic incident on urban expressway.
The objective of this study is to propose a methodology to estimate the impact of traffic incident on urban expressway based on the modified cell transmission model. As the traffic flow characteristic of incident section is entirely different from other sections, it should be separated effectively in order to describe the impact of traffic incidents more accurately. For this purpose, the model should meet a precondition that the length of cell is variable. However, the CEM must divide the cell evenly. Therefore, our study will use the modified CEM which was proposed by Muñoz et al. [8] .
The proposed methodology for estimating impact of traffic incident on urban expressway is presented in the next section. Application and evaluation of the proposed methodology are conducted in Section 3. Finally, study summary, directions and issues for further research, and usages of outcome are provided.
Methodology

Modified Cell Transmission Model.
Modified cell transmission model (MCTM) defines cell densities as state variables instead of cell occupancies and accepts nonuniform cell lengths. By using cell densities instead of cell occupancies, the MCTM is allowed to accommodate uneven cell lengths, which leads to greater flexibility in partitioning highways. In the MCTM, a highway is partitioned into a series of cells. The traffic density in any cell that evolves according to conservation of vehicles can be expressed as
where ( + 1) is the density in cell during the ( + 1)th time interval; ( ) is the density in cell during the th time interval; is the length of cell ; in order to avoid situations that traffic flow value of cell is negative and the traffic density is greater than the jam density, must be longer than the free flow travel distance; Δ is the discrete time interval; ,in ( ) and ,out ( ) are, respectively, the total flows, in vehicles per unit time, entering and leaving cell during the th time interval.
The congestion state of cell is determined by comparing the cell density ( ) with the critical density , ( ): if ( ) < , ( ), the cell has free flow state during the th time interval; and if ( ) ≥ , ( ), the cell is said to have congested state. The inflow to cell in the time interval ( , + 1) can be expressed as
where ( ) is the flow entering cell from the mainline; −1 ( ) is the maximum flow that can be supplied by cell − 1 under free flow conditions during the th time interval; ( ) is the maximum flow that can be received by cell under congested conditions over the same time interval. −1 ( ) and ( ) are given by
where is the maximum flow rate; V is the average speed at which vehicles travel down the highway under uncongested (low density) conditions; is the average speed at which congestion waves propagate upstream within congested (high density) regions of the highway; , is the jam density.
Three different types of cell connection are allowed: simple connection, merges, and diverges.
Simple Connection. Figure 1 (a) shows the representation of a simple connection. The inflow to cell in the time interval ( , + 1) can be determined by (2) and (3).
Merges.
A merge connection corresponds to the case where more than two links enter and one leaves, as shown in Figure 1 (b). In this situation, three cases should be considered.
Case 1. The downstream cell can accept both supply flows from the upstream cell (∑ −1, ( ) ≤ ( )). The inflow to cell in the time interval ( , + 1) can be expressed as
Case 2. Each approach with no priority and the combined supply flow exceed the maximum receiving flow (∑ −1, ( ) > ( )). The inflow from approach to cell in the time interval ( , + 1) can be expressed using the following equation:
where −1, ( ) denotes the ratio that the flow from approach to cell in the time interval ( , +1) of the total flow received by cell over the same time interval, ∑ −1, ( ) = 1. Thus, ,in ( ) can be mathematically expressed by
Case 3. The combined supply flows exceed the maximum receiving flow, and vehicles of each approach travel to downstream cell in the order of priority. , ( ) can be expressed as
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Diverges. If the outflow from a cell is split between the downstream mainline region, one diverges connection is formed, and an example is shown in Figure 1 (c):
where −1,out ( ) is the total flow leaving cell − 1 in the time interval ( , + 1) and ( ) is the split ratio.
Impact of Metastable State.
We assume that the ramp of urban expressway does not have signal control, and the flow between any origin-destination pair is constant. In addition, the route used by each driver is effectively fixed in advance, and in particular, drivers do not change their routes in response to congestion. The relationship diagram of flow and density as shown in Figure 2 is adopted to perform the impact of metastable state. From Figure 2 , it is clear that when the cell density equals or , the cell flow can be estimated based on
where is the density from congested state to free flow state and is the density from free flow state to congested state. The traffic flow state of cell is also determined by comparing the cell density with the critical density: if < , the cell has free flow state, if > , the cell has congested state, and if ≤ ≤ , the cell has metastable state. We define ( ) as the traffic state in cell during the th time interval. ( ) = 0 represents that the cell has free flow state during the th time interval. Similarly, ( ) = 1 represents the congested state, and the metastable state during the th time interval can be expressed as ( ) = ( − 1):
With these conventions, −1 ( ) and ( ) in (2) can be rewritten as follows: 
Impact of Traffic Incident.
As the impact of traffic incident, , , , , and of controlled cell would be reduced to , , , , and , as shown in Figure 3 . In addition, there are significant differences of traffic flow characteristics between normal operation sections and incident affected sections. Therefore, the normal operation section in the downstream and incident affected section in the upstream should be separated to ensure the position where traffic accident occurred is always at the boundary of cell. According to the effect of traffic incident occurring in the middle of initial cell, three cases are taken into account to adjust cell initial settings. Note that it is unnecessary to change cell initial settings when traffic incidents occurred in the boundary of cell. Case 1. The effective length towards to upstream and the normal operation length of downstream are both shorter than the free flow travel distance V Δ . The original cell − 1 and road section of can reorganize as a new cell − 1, the original cell + 1, and road section of set as a new cell ; an example is shown in Figure 4 (a). Thus −1 ( ) and −1 ( ) can be expressed by (12) ; meanwhile, the formulas for ( ) and ( ) are consistent with (3):
where V −1 is the average speed reduced by traffic incident at which vehicles travel down the urban expressway under uncongested (low density) conditions; −1 is the average speed reduced by traffic incident at which congestion waves propagate upstream within congested (high density) regions of the urban expressway; −1 ( ) is the density affected by traffic incident in cell − 1 during the th time interval; is the jam density affected by traffic incident.
Case 2. ≥ V Δ and
< V Δ . The road section of is regarded as a new cell , a new cell +1 is rebuild by the original cell + 1 and road section of , as shown in Figure 4(b) .
The formulas for +1 ( ) and +1 ( ) are consistent with (3).
( ) and ( ) would have been
Case 3. < V Δ and ≥ V Δ . The original cell −1 and road section of can reorganize as a new cell − 1, and the road section of is regarded as a new cell (an example shown in Figure 4 (c)). In this case, the formulas for ( ) and ( ) are consistent with (3). −1 ( ) and −1 ( ) can calculate by (12) . Thus, such a modified MCET, which specifically considered the metastable phenomenon, would effectively predict the impact of traffic incident on urban expressway. In order to quantify the impact of the traffic incident, it is necessary to determine the evaluation indices. A variety of evaluation indices have been proposed to evaluate the traffic congestion from different perspectives, such as the journey time, travel speed, road running indices, traffic congestion index [14] [15] [16] , and the area of the traffic jam [1] . However, a few indices are applied to nonrecurrent congestion which is caused by accidents, bad weather, or other random events. In our study, the effected length is put forward to directly depict the influence scope of traffic incident. It can be defined as the total length of congestion cell within the controlled area during the th time interval. That is,
where ( ) is the effected length during the th time interval,
, is the length of congestion cell , and is the controlled area. Note that congestion cell refers to the cell of which density is greater than the critical density , .
Application and Evaluation
In order to apply the methodology introduced in the previous section, the real traffic incident data of urban expressway would be adopted. The comparative analysis of simulation result and real results is constructed to evaluate the practicability of modified MCET. The study section is the segment from Cai HuYing bridge to Fu Cheng Men bridge of west second ring road in Beijing. Total length of the study segment is 6516 meters and the traffic flow direction is northbound.
We have divided the study segment into 20 cells, as shown in Figure 5 . The cell index is located in the center of each cell. The uppermost row of numbers above cells gives the number of lanes (3 to 4) in each cell. The second row of numbers is the cell length (in meter). The location numbers of the mainline loop detectors are listed below the cells. On-and off-ramps are depicted as numbered arrows, and up arrows represent on-ramps, otherwise off-ramps. In our default partitioning method, the locations of on-ramps, off-ramps, and mainline microwave detectors are the cell boundaries. It should be noted that the cell lengths must be longer than the freeflow travel distance (time step of 10 sec, the free flow speed as discussed later). If some cells cannot be satisfied with Discrete Dynamics in Nature and Society In this study, we have been working with two main sources of data: microwave detector data obtained from road transport management system (RTMS) and a set of manually counted volumes of urban expressway. The RTMS-derived data used in this study includes the flow (veh/h), speed, and occupancy rate at each detector, which is available in 5 min and consecutive of 24 h. However, the RTMS data is always missed due to the malfunctioning detectors. Therefore, the manually counted data is recorded to supplement the data set. We can substitute a historical average of the manually counted flows for that missing data. Our procedure for estimating the MCTM split ratios is to compute, for each offramp, the ratio of the measured off-ramp flow to the total measured flow exiting the diverge junction. Since we have access to only a limited amount of accurate off-ramp data, we are currently using historically averaged split ratios in our modified MCTM simulations.
To estimate the impact of the traffic accident using the modified MCET, the MCTM parameters should be calibrated. The calibration procedure of free flow speed V, the jam density , , the shock speed , nonbottleneck capacity, and bottleneck capacity has been presented systematically in the literature [8] . On the basis of this calibration method and the real data, the range of these parameters is obtained. Free flow speed V is typically in the range of 80-90 km/h, nonbottleneck capacity of each lane is 1700-2200 veh/h, shock speed is 20-30 km/h, and jam density , is 235-285 veh/km. The calibration results of these parameters are shown in Figure 6 . According to cell partition of the study section, the accident placed in the middle of 17th cell. The effective length towards upstream 17 is 155 meter, and the normal operation length of downstream 17 equals 300 meter. As the free flow travel distance V Δ is 114 meter, the conditions that 17 ≥ VΔ and 17 ≥ VΔ are obviously satisfied. Therefore, these two partial sections can be separated to become two new cells, as shown in Figure 7 .
In addition, the characteristic traffic flow parameters of 17th cell have reduced due to the impact of accident. Figure 8 shows the traffic-density relationship diagram of 17th cell. It revealed that the value of , , , , and at normal operating state is 6300 veh/h/ln, 276 veh/km/ln, 63 veh/km/ln, 89 veh/km/ln, and 21 km/h, respectively. As the accident, the value of these parameters changed into , , , , and , which, respectively, equals 3087 veh/h/ln, 138 veh/km/ln, 31 veh/km/ln, 44 veh/km/ln, and 20.48 km/h.
The modified MCTM put forward in the previous section was used to simulate this accident. In order to reduce the random error of simulation, the average result of 10 times simulation is regarded as the final simulation results.
The contour plot for simulated density is shown in Table 2 . From Tables 1 and 2 , it can be seen that the contour plot for measured and simulated density has almost the same trends. And the measured and simulated diffusion range of congestion all spreads to the location 2036 and 2037 detector. Compared with actual duration, the simulation duration is 85 min, which predicts with approximately 6.25% error. Furthermore, the simulated result of effected length is 4670 meter, and the error is 2.68%. These errors are within an acceptable range.
Conclusion
Unlike traditional approaches that use cell transmission model to measure the impact of traffic incident for freeway, this study proposed a methodology to predict the impact of traffic incident on urban expressway using the modified MCET. In order to reflect the actual operating state of traffic flow on urban expressway as much as possible, the metastable state was simulated in this modified MCET. In the meantime, the main traffic flow parameters of incident cell were adjusted on the basis of the impact of traffic incidents. With regard to the location of traffic incidents, the method of cell restructuring settings was discussed. Additionally, one evaluation indicator which denotes the effected length is put forward to directly depict the influence scope of traffic incident. To fully apply the proposed methodology, a simulation is developed to evaluate whether the methodology is available or not. This analysis is based on the data microwave detector obtained road transport management system (RTMS) and set of manually counted volumes of urban expressway. The simulation results have revealed that the proposed methodology can accurately predict the impact of traffic incidents on urban expressway.
Although the availability of the proposed prediction method is demonstrated, further research should be conducted to fully implement this methodology in the field. Also, more significant analysis on the impact of metastable state is required. The methodology in this study is useful to recognize the influence of traffic incident on urban expressway accurately, which can be further utilized in intelligent traffic control and as information for control strategies of urban expressway. In addition, opportunities exist for deriving effective countermeasures with traffic incidents for improving the traffic efficiency of urban expressway.
